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Abstract

Size-confined lead halide perovskite quantum dots (PQDs) are promising materials for
optoelectronic devices. Large quantities of PQDs with high ensemble uniformity are often
needed for device fabrication. The thermodynamic-equilibrium-controlled synthesis can
produce PQDs with good size and shape uniformity. Unfortunately, scaling up this synthesis
often produces unwanted perovskite nanoplatelets (NPLs). To date, the PQD and NPL growth
mechanism under thermodynamic equilibrium control remains unexplored. We discovered that
the growth of size-confined CsPbBr3 PQDs is mediated by ultrasmall (~ 2.4 nm) metastable
nanoclusters. These nanoclusters can eventually grow into PQDs when sufficient Cs-precursors
are provided. Otherwise, the unreacted nanoclusters will self-assemble and fuse into NPLs
during the synthesis and/or PQD purification. By controlling the homogeneous growth of
nanoclusters, strongly confined (< 5 nm) PQDs with high size uniformity can be produced at

the gram scale.



Introduction
Lead halide perovskite quantum dots (PQDs) have emerged as a new family of semiconductor
colloidal nanocrystals.!® Benefiting from their efficient luminescence and facile syntheses,

14 and quantum emitters'>!® have been developed.

highly efficient light-emitting diodes
Recently, improved synthetic control over PQD ensemble uniformity has also enabled the study
of the aggregated emissive states from their superlattices.'®?> When PQDs are strongly
quantum confined, their size determines their excitonic properties such as emission energies,
decay dynamics, and multi-exciton interactions.’>?® Therefore, the extent of ensemble
inhomogeneity will adversely affect the performance of devices based on PQDs. Additionally,
fabricating optoelectronic devices often requires a large amount of colloidal PQDs. Combining
different batches of PQDs will usually compromise the consistency of the device’s
performance. Therefore, a scalable synthesis that yields PQDs with high ensemble uniformity
is crucial to leveraging their excellent optical properties for diverse light-emitting and
photovoltaic applications.

The ionic nature of lead halide perovskites acts as a major roadblock for PQD synthesis." %%’
The typical nanocrystal nucleation and growth of PQDs in standard hot injection syntheses
occurs within seconds, making it difficult to quench the reaction in a timely manner, especially
when small, strongly confined PQDs are desired. Great successes have been achieved in
controlling the reaction kinetics to produce strongly confined PQDs. For example, lowering
the reaction temperature can reduce the size of CsPbX3 PQDs (X = Cl, Br, I) capped by standard
oleic acid and oleylamine ligands.® 23° Recently, a milestone synthesis method capable of
producing spherical PQDs with sizes tunable from 3 nm to 14 nm has been reported.’! By
combining low-temperature conditions with strong binding ligands, the growth rate of small
PQDs can be slowed from a few seconds to ~ 30 minutes. Nevertheless, the relatively low
precursor concentration for small (< 5 nm) PQD syntheses has limited the scalability of the

reaction.

Instead of kinetically regulating the PQD growth, strongly confined PQDs with high
monodispersity can be synthesized using a thermodynamic equilibrium-controlled method.*
By increasing and tuning the chemical potential of the halide anions present in the solution, the
equilibrium established between the halide anions in the PQD lattice and that in the solution
will stop the growth of PQDs at a specific size. Unfortunately, perovskite nanoplatelets (NPLs)

are often generated as byproducts when the synthesis is scaled up or when the crude PQD
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solution is precipitated for purification by adding antisolvents.’? To date, the underlying
mechanism of PQD growth and the formation of NPLs under thermodynamic control has not

yet been established.

In this work, we discovered that the growth of strongly confined CsPbBr3 PQDs and the
formation of NPLs are both mediated by a metastable perovskite nanocluster. Such
nanoclusters form directly from the lead-halide complex precursors after introducing the Cs-
precursor. These nanoclusters can form self-assemblies in solution. As illustrated in Scheme 1,
the PQD growth is suppressed with insufficient Cs-precursors, and the nanocluster self-
assemblies will eventually fuse and form NPLs. However, when sufficient Cs-precursors are
provided, the nanoclusters can grow into PQDs with high size and shape uniformity under
thermodynamic control. Through a controlled increase of the precursor concentration, we
successfully suppressed the NPL formation, scaled up the PQD synthesis, and produced highly
luminescent, monodisperse PQDs (< 5 nm) at the gram scale. Our results will advance the
development of PQD syntheses for optoelectronic device fabrication that requires a large

amount of PQDs with high ensemble uniformity.
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Scheme 1. A schematic illustration of the growth mechanism of strongly confined
CsPbBr; PQDs mediated by nanoclusters under thermodynamic equilibrium control.
Precursors will first form metastable nanoclusters and proceed along two reaction
pathways: 1) when Cs-precursors are deficient, nanoclusters will self-assemble and fuse
into NPLs. 2) When sufficient Cs-precursors are introduced, PQDs with precisely
controlled size and shape will form.

Experimental Section

Colloidal CsPbBr; nanocluster and PQOD synthesis

Chemicals. Cesium carbonate (Cs2CO3, puratronic, 99.994% metals basis, from Alfa Aesar),
lead (IT) bromide (PbBr2, puratronic, 99.999% metals basis, from Alfa Aesar), zinc bromide
(ZnBr2, 99.9% metals basis, from Alfa Aesar), oleylamine (OAm, technical grade, 70%, from



Sigma-Aldrich), oleic acid (OA, technical grade, 90%, from Sigma-Aldrich), octanoic acid (>
98%, from Sigma-Aldrich), 1-octadecene (ODE, technical grade, 90%, from Sigma-Aldrich),
hydrobromic acid (HBr, 48 wt% in water, from Acros), acetone (certified ACS, from

Fischer), hexanes (HPLC grade, from Millipore) and methyl acetate (ReagentPlus, 99%, from

Sigma-Aldrich) were used as received.

Cs-precursor preparation. To a 50 mL three-neck flask, 300 mg of Cs2COs3, 1.2 mL of OA
or octanoic acid, and 3.2 mL of ODE were added. This Cs-precursor mixture was degassed on
a Schlenk line under vacuum at room temperature for 20 — 30 min while being stirred
vigorously. Then the mixture was heated to 150 °C under vacuum. The flask was then filled
with nitrogen, cooled to 120 °C for further use. The Cs-precursor preparation procedure can be

scaled up if needed.

CsPbBr; nanocluster synthesis. To a 250 mL flask, 600 mg of PbBr2 and 1400 mg of ZnBr2
were added. Then, 14 mL of OA, 14 mL of OAm, and 40 mL of ODE were added into the flask.
To introduce more bromide anions, 200 uLL of HBr solution can be added. If HBr was added,
the mixture was stirred at room temperature for 10 min before degassing. The mixture was then
degassed for 5 min at room temperature and then heated to 150°C under vacuum while stirring
vigorously. After the solids dissolved completely (the solution turned clear showing a faint
yellow color), the flask was filled with nitrogen. The mixture was then cooled down rapidly to
80 — 100 °C by blowing compressed air from outside of the flask. The reaction was triggered
by injecting 0.5 — 0.8 ml (Cs:Pb = 0.13 — 0.2, molar ratio) Cs-precursor. Higher Cs:Pb ratios
could lead to the further growth of nanoclusters. After a short reaction time (< 1 min), the
reaction was then quenched rapidly using an ice bath. Unreacted precursors were removed by
centrifuging the crude solution at 7800 rpm for 5 min. To the supernatant, a 1:1 volume ratio
of acetone was added, followed by centrifugation at 7800 rpm for 5 min. The precipitated
nanoclusters were redispersed in toluene. Subsequent reprecipitations were performed once by
adding a 3:1 volume ratio of methyl acetate to the nanocluster solution and centrifuging at 7800
rpm for 3 min, followed by redispersing the obtained nanoclusters in toluene or hexanes for

further characterizations.

CsPbBr3; NPL synthesis. The Cs-precursor was prepared using the previously stated method.
The reaction mixture (Pb- and Br-precursors) was prepared similarly but with the following

quantities: 75 mg PbBr2, 600 mg ZnBr2, 2 mL OA, 2 mL OAm, and 10 mL ODE. After the
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reaction mixture was heated to 150°C under vacuum and turned clear, the flask was filled with
nitrogen, cooled to 100 °C and held constant. 0.2 mL of Cs-precursor was injected to trigger
the reaction, and the flask was kept at 100 °C for 15 min. The reaction was subsequently
quenched in an ice bath, and unreacted precursors were removed by centrifuging the crude
solution at 7800 rpm for 5 minutes. The NPLs were purified using acetone precipitation

followed by redispersion in hexanes.

Strongly Confined CsPbBr; PQD synthesis. Cs-precursor and reaction mixture (Pb- and Br-
precursors) were prepared using the same method described above for the nanocluster synthesis.
After the reaction mixture turned clear at 150 °C under vacuum, the reaction flask was filled
with nitrogen, and the temperature was adjusted to 80 — 160 °C depending on the desired PQD
size. The reaction was triggered by injecting 1 — 7 mL of the Cs-precursor into the mixture.
The optimized reaction uses 5 mL of Cs-precursor (Cs:Pb = 1.25) to prevent the formation of
NPLs. The reaction can take as long as 15 min under nitrogen. This reaction was scaled up 4
times for the gram-scale syntheses. To purify the PQDs, the crude solution was centrifuged for
5 min at 7800 rpm, and the precipitate (typically white and not composed of PQDs) was
discarded. It is worth noting that at elevated temperatures (> 130 °C), ~ 10% PQDs can be
found in precipitates. The supernatant was added with acetone until turbidity was observed (1
— 1.25 volumes of acetone). Then, the mixture was centrifuged again for 5 minutes at 7800 rpm.
The precipitated PQDs were redispersed in hexanes or toluene. Subsequent reprecipitations
(typically repeated 3 times) can be performed by adding methyl acetate to the PQD solution
(3:1 volume ratio), centrifuging at 7800 rpm for 3 minutes, and redispersing the precipitated

PQDs in hexanes or toluene. The purified PQDs are stored in a fridge for future use.

Optical Spectroscopy Measurements

Absorption and photoluminescence (PL) spectra were collected using an Ocean Insight Maya
2000 spectrometer. The PQD stock solutions are typically diluted 100 — 1000 times using
hexanes or toluene for optical spectroscopy measurements. The PQD sample solutions were
excited using a 385 nm LED for PL measurements. The in situ absorption spectra were obtained
using a dip fiber coupled with the same spectrometer running in fast acquisition mode (40 — 60
ms acquisition time per frame). The reaction mixture was scaled down to 75 mg of PbBr2, 600
mg of ZnBr2, 1 mL of OA, 1 mL of OAm, and 48 mL of ODE to reduce the product
concentration for reliable in situ absorption spectra measurements. PL quantum yield (PLQY)

was determined with respect to a standard CdSe/CdS/ZnS QD sample from NNLabs (PLQY =
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70%). The standard QDs were suspended in the same solvent (ODE) as the CsPbBr3
nanoclusters/PQDs, excited with an OBIS LX SF 405 nm continuous-wave laser (Coherent),
and the PL spectra were collected with the calibrated Ocean Insight Maya 2000 spectrometer.
The quantum yield is then calculated using a reported method by comparing the integrated PL
peak intensity of the sample PQD vs. the standard QD, with respect to their absorbance at 405
nm.** Time-resolved absorption and PL spectra were measured by extracting aliquots from a
PQD synthesis: after the injection of Cs-precursors, a 0.2 — 0.3 mL aliquot of the reaction
mixture was extracted every 10 s for the first 60 s, and every 1 minute afterward. The extracted
aliquots were placed into scintillation vials resting in an ice bath to quench the reaction. After
the reaction, all aliquots in the scintillation vials were transferred to microcentrifuge tubes and
centrifuged for 1 min at 16100 rpm to remove unreacted precursors. The resulting supernatant

was then diluted into cuvettes containing 2 mL ODE to measure absorption and PL spectra.

PL lifetime of the nanoclusters and PQDs were measured using a time-correlated single photon
counting module. A 405 nm picosecond pulsed laser (LDH-D-C-405 laser head driven by Sepia
PDL-828 from Picoquant) was used to excite the sample solution. The PL was collected with
a lens and sent to an Excelitas SPCM-AQRH-15-FC single-photon avalanche diode through a
multimode optical fiber. The photon arrival times with respect to the laser pulses were recorded

using a Picoquant HydraHarp 400 module.

Structural Characterizations

Electron Microscope images of all nanostructures synthesized in this work were taken using a
JEOL 2000-FX 200kV transmission electron microscope (TEM) or a Titan Themis 300 TEM.
Powder X-ray diffraction (PXRD) samples were prepared by drop-casting purified nanocluster,
PQD or NPL solutions onto a glass slide followed by vacuum drying, in the case of the
nanoclusters in polymer. The nanoclusters were dispersed in a toluene solution containing 10%
(weight) polystyrene and were drop cast and allowed to dry under vacuum. PXRD
measurements were performed on a Rigaku MiniFlex600 system with a D/tex detector using a
Ni-filtered Cu-Ka radiation source. Scans were performed at room temperature in the 3-60°
(20) range, with a step size of 0.1°. Data analysis was performed using Rigaku’s PDXL2
software package. The collected PXRD data was corrected for the glass slide background.



Results and Discussion
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Figure 1. (a) Absorption spectra of CsPbBr; nanoclusters as synthesized in ODE (blue)
and purified in toluene (orange). The nanoclusters feature a well-defined absorption peak
at ~ 430 nm. The absorption peaks at ~310 nm and 350 nm are attributed to PbBr;- and
PbBr4* complex anions, respectively. (b) Corresponding photoluminescence (PL) spectra
of the nanoclusters. (¢c) STEM images of nanoclusters (inset shows a closer view). The
yellow circles mark some individual nanoclusters. (d) In situ absorption spectra obtained

during a nanocluster synthesis.

The thermodynamically controlled synthesis of strongly confined CsPbBr3 PQDs involves the
injection of a Cs-precursor into a reaction mixture containing a Pb-precursor (PbBr2) and
excess bromide (provided by ZnBr2 and HBr) (Experimental Section). When the reaction is
performed with a high bromide concentration (> 200 mM) and a low Cs:Pb precursor ratio
(Cs:Pb = 0.3, molar ratio), the obtained crude nanoparticles in ODE exhibit a well-defined
absorption peak at ~ 430 nm and a PL peak at ~ 450 nm (Figures la and 1b). By carefully
adding the antisolvent (acetone) followed by centrifugation, the products can be isolated and
redispersed into toluene (Figures 1a and 1b) and remain stable for over two weeks in a fridge.
We found that these nanoparticles can be consistently generated at various Cs:Pb precursor

ratios (0.3 — 0.5) and reaction temperatures (from 80 °C to 100 °C) (Figure S1). This behavior



implies a high selectivity for these metastable nanoparticles that reside in a local energy

minimum in the reaction coordinate.

The blue-shifted absorption spectra in Figure la (compared to 8.5 nm CsPbBrs perovskite
nanocrystals with an absorption peak at 506 nm)*! suggest that the nanoparticles synthesized
are strongly quantum confined. Scanning electron transmission microscope (STEM) images
show that they are nanoclusters with an average size of ~ 2.4 nm (Figure 1c). This is in good
agreement with the size (~ 2.5 nm) estimated from the absorption peak position using the size-
bandgap relationship of both simulations* and extrapolations of experimental results3!3°. A
survey of the STEM images of these nanoclusters found no other nanostructures such as
nanowires and nanoplatelets mixed with them. The size dispersion obtained from measuring
over 100 nanoclusters is ~ 12% (Figure S2). Since electron beam radiation can degrade the
nanoclusters when imaging with higher magnification was attempted, the spatial resolution of
the STEM measurements was limited. A single pixel in the STEM images represents ~ 0.3 nm,
which is 12.5% of the size of a nanocluster. The size distribution obtained is thus limited by

the imaging resolution and the nanoclusters are considered monodispersed.

The formation of the nanoclusters was monitored using in sifu absorption spectra
measurements. As shown in Figure 1d, before introducing the Cs-precursor, a sharp absorption
peak at 306 nm appears when the Pb- and Br-precursors are fully dissolved (Experimental
Section), which is attributed to the formation of a lead bromide complex anion, likely PbBr3-,
according to previous reports.*® 37 After injecting the Cs-precursor, the 430 nm absorption peak
emerges without peak red shifting or other absorption features appearing over time. The
exclusive and well-defined absorption peak of these nanoclusters implies that they may be

metastable magic-sized clusters.

To date, limited studies have demonstrated syntheses and characterizations of stable lead halide
perovskite nanoclusters.*®? In these studies, nanoclusters were usually synthesized at room
temperature, and with a low concentration of bromide (~ 20 mM). The resulting nanoclusters
show a sharp absorption peak at 400 nm and have 2-D structures.> 4!- 4> 44 At a higher
temperature (50 °C), generation of 1-D nanorod-like nanoclusters has also been reported.?’ In
this case, the absorption peak will continuously redshift with increasing reaction temperature;
their spectroscopic features such as PL linewidth and radiative lifetimes are also distinct from

our nanoclusters (Figure S3). In comparison, our nanoclusters show a 0-D structure and are

9



directly synthesized at higher temperatures (> 80 °C) with a high bromide concentration (~ 230
mM), suggesting a different, thermodynamically controlled formation mechanism. Indeed, we
found that excess bromide anions are crucial to produce our nanoclusters. When a low bromide
concentration is used (i.e., 8 mM), a continuously red-shifting absorption onset is observed

(Figure S4).
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Figure 2. (a) Absorption spectra of NPLs (orange) and nanoclusters (blue) and their (b)
corresponding PL spectra. The shoulder in the NPL PL spectrum (orange) is attributed
to the residual nanoclusters. (c) STEM and (d) TEM image of the NPLs.

From Figure 1d, we discovered that despite the absorption peak position of nanoclusters not
shifting over time, the absorbance and peak shape changed, as shown in a series of absorption
spectra extracted from Figure 1d and plotted in Figure S5. Figures 2a and 2b compare the
absorption and PL spectrum of the nanocluster (blue) and products extracted after a long-time
reaction (~15 min, orange). The high energy absorption/PL peaks imply that the produced
nanostructures are still strongly quantum-confined. STEM and TEM images suggest these
newly formed nanostructures are NPLs (Figure 2¢ and 2d). These NPLs exhibit a large variance
in their lateral sizes. However, a side view of NPLs from the TEM image (Figure S6) shows
that the thickness of the NPLs is uniform and ~ 2.5 nm, which coincides with the size of the
nanoclusters (~ 2.4 nm). The absorption peak of NPLs is sharper, with a much higher peak-to-

valley ratio than that of the nanoclusters. NPLs also exhibit a much narrower PL peak, with a
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full-width half-maximum (FWHM) of 77 meV, which agrees with previously reported NPLs
with tight thickness distributions***" and is much narrower than that of the nanoclusters
(considered monodispersed, FWHM = 145 nm). The narrow PL peak is a signature of NPLs
with excellent thickness controls due to the reduced inhomogeneous broadening, as the
excitons are not confined in all dimensions.*® ** The shoulder peak in the PL spectrum is
attributed to the residual nanoclusters. It is worth noting that NPLs can also be generated

directly from isolated and purified nanoclusters.
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Figure 3. High-resolution STEM images of (a) nanoclusters beginning to self-assemble,
(b) nanoclusters forming 1-D self-assemblies, (¢) 1-D self-assemblies of nanoclusters and
cross-linked nanocluster assemblies, and (d) NPLs formed from cross-linked nanocluster
assemblies. (¢) PXRD patterns of nanoclusters, nanoclusters in polystyrene, NPLs, and 4
nm PQDs.

To gain further insights into the structural evolution from nanoclusters into NPLs, concentrated
nanocluster samples were imaged using STEM (Figure 3). It is known that concentrated CdSe
nanoclusters can self-assemble to form 1D-like nanostructures.’® Perovskite nanoclusters
exhibit similar behavior: they form 1-D nanowire-like assemblies when their concentration is
high (Figures 3a —3c). In these STEM images there is a transition between nanoclusters and 1-
D nanostructures in some areas, indicating that the nanoclusters begin to self-assemble (Figure
3a). A closer view of the nano assemblies reveals that they are not always connected but consist
of discrete 0-D nanoclusters (Figure 3b). However, unlike CdSe nanoclusters, due to the
unstable ionic structure and potentially unreacted precursor ions attached to the surface of

perovskite nanoclusters, they can fuse and form continuous 1-D structures (Figure 3c).
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Interestingly, nanoplatelets (NPLs) form from cross-connections between 1-D nanowire-like
assemblies are also discovered in STEM images (Figure 3¢). Such unique behavior leads to the
formation of 2-D NPLs (Figure 3d). Additionally, thick 3-D nanostructures are not found in
STEM images, suggesting that the 2-D NPLs do not stack and fuse. This structural evolution
behavior agrees well with the observation that the NPL thickness is nearly identical to the

nanocluster size.

PXRD measurements also provide structural evolution information of dispersed and self-
assembled nanoclusters. As shown in Figure 3e (purple), the PXRD patterns of nanoclusters
show peaks corresponding to the (100), (110), and (200) reflections. According to the width of
(110) peaks, the nanocluster sizes are estimated to be ~ 2.2 nm,’' which agrees well with the
STEM measurements. The (100) and (200) peaks are much narrower than (110) peaks and are
attributed to NPLs formed during sample preparation. This is because when the nanocluster
solutions are drop-cast and dried for PXRD measurements, self-assembly and interparticle
fusion can occur forming NPLs as discovered in STEM measurements mentioned above. The
same narrow peaks are also found in the PXRD pattern of a pure NPLs sample (orange). To
suppress interparticle fusion, nanoclusters were dispersed into polystyrene for PXRD sample
preparation. The dispersed nanoclusters show a broad (110) peak and an absence of narrow
peaks (Figure 3e, yellow). This is consistent with the self-assemble and fusion behavior of the
nanoclusters discussed above. The PXRD patterns of 4 nm PQDs are also shown in Figure 3e

(blue) for comparisons.

The spectroscopic features of nanoclusters are further compared with 2-D NPLs and strongly
confined CsPbBr3 PQDs. The nanoclusters exhibit consistently large Stokes shifts of 100-120
meV (Figures S1). In comparison, 4 nm PQDs have Stokes shift of ~ 62 meV (Figure S7). The
large Stokes shift, combined with the broad PL peak (discussed above) of the nanoclusters
together imply significant contributions of surface trap states and vibrational motions to the
optical transitions of nanoclusters due to their ultrasmall size.?* 2* 3% 525 In time-resolved PL
intensity measurements, nanoclusters with ~ 30% PL quantum yield (QY) show a PL lifetime
of 5.6 ns (Figure S8), resulting in an estimated radiative lifetime of ~ 18.6 ns, much longer than
that of 4 nm PQDs (5 — 6 ns, Figure S8). The longer exciton radiative recombination lifetime
in the nanoclusters may stem from their very small sizes: Firstly, thermal mixing of optically
dark states will be more prominent since electron-hole interaction will increase with reducing

size.’*>% Secondly, the increased surface lattice-exciton coupling in nanoclusters can trap
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excitons into polarons, which can undergo a slower radiative decay due to phonon couplings®-
61 Lastly, coupling between excitons and surface states can also localize electron and hole
wavefunctions. The reduced wavefunction overlap can effectively reduce the radiative

recombination rate.5?
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Figure 4. (a-b) Time-resolved (a) absorption and (b) PL spectra of aliquots extracted from
a synthesis using precursor ratio of Cs:Pb = 0.3 at 100 °C. (¢) TEM image of a NPL
byproduct obtained from the synthesis. Possible self-assemblies on the edges of the NPL
can be seen. The inset shows a sideview of a NPL showing a thickness of 2.5 nm. (d) TEM
image of NPLs generated from a solution of purified nanoclusters in toluene after being
stored at room temperature for about eight weeks.

The differences between spectroscopic features of nanoclusters and NPLs/QDs enabled us to
monitor the evolution of nanoclusters using optical measurements during PQD syntheses. NPL
formation from the self-assembly and fusion of nanoclusters can result in byproduct during
PQD synthesis. By regulating the Cs:Pb precursor ratio to < 0.5, the nanocluster growth (to
PQDs) is suppressed due to insufficient monomer concentration. Additionally, due to the high
reaction temperature, the diffusion of the formed nanoclusters is fast, and their surface ligands
tend to detach. These will facilitate the nanocluster assemblies to form and fuse together into
NPLs. Figures 4a and 4b show the time dependent absorption and PL spectra of the reaction
using a precursor ratio of Cs:Pb = 0.3 at 100 °C. The absorption peak at 430 nm (Figure 4a)
grows with longer reaction time and becomes sharper, accompanied by the emerging 435 nm
PL peak (Figure 4b), suggesting the formation of NPLs. The absorbance at 430 nm increases
as the absorption cross section of the 2-D NPLs is larger than that of the 0-D nanoclusters of

equal mass.>’ 63-6

It is noticeable from Figure 4b that some of the generated nanoclusters also grew into PQDs.
In the first 10 s, nanoclusters with similar absorption and PL spectral features to those shown

in Figure 1a were generated. Over time, while the absorbance of the 430 nm peak increases, a
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spectral tail can be observed (Figure 4a), which is attributed to the generation of PQDs with
lower energy absorptions. More clearly in Figure 4b, in addition to the sharp PL peak at 435
nm, a broader peak gradually redshifts from 450 nm to 475 nm, which is attributed to PQD
formation and growth from the 2.4 nm nanoclusters to ~ 4 nm PQDs. The mixture is also
imaged using TEM, and both NPLs and PQDs are observed (Figure S9), supporting the optical
measurements. This observation suggests that the nanoclusters are a common intermediate for

both NPLs and PQDs.
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Figure 5. (a-b) Time-resolved (a) absorption and (b) PL spectra of aliquots extracted from
a PQD synthesis using precursor ratio of Cs:Pb = 1.7 at 100 °C. This reaction was
quenched at 180 s after injection, and the crude product is stored at room temperature
for the next 12 h. (c-d) Extracted PL (c) peak energy and (d) FWHM against reaction
time from (b). Dashed curves are visual guides.

When sufficient Cs-precursors are provided, the nanoclusters will form and quickly grow to
PQDs. As shown in Figures 5a and 5b, when excess Cs-precursors are injected (Cs:Pb = 1.7),
no sharp absorption feature at 430 nm nor sharp PL emission peak at 435 nm can be observed
throughout the reaction time, suggesting the fusion of nanoclusters is suppressed. Figure 5a
shows that some nanoclusters can quickly grow into PQDs (absorption at ~ 450 nm) in the first
10 s after the injection, suggesting that PQD growth is faster than the self-assembly of
nanoclusters. However, the broad absorption feature of the nanoclusters can still be observed

at 430 nm. In fact, if the reaction is quenched soon after Cs injection, absorption and PL features
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of nanoclusters can still be observed even at higher reaction temperatures (160 °C, Figure S10).
STEM imaging also verifies the coexistence of PQDs and nanoclusters (Figure S11). After 180
s, the absorption peak at 459 nm (Figure 5a) becomes more intense and well-defined. It is worth
noting that the absorption peak-to-valley ratio (~ 2.1) of the PQDs measured from the crude
solution is nearly unchanged after purification (Figure S12), suggesting a highly uniform PQD

ensemble can be directly produced without the need for size-selective reprecipitation.

The growth kinetics of PQDs can be better visualized by examining the evolution of the PL
peak position and FWHM of the reaction crude solution shown in Figures 5S¢ and 5d. The PL
peak position continuously redshifts from 2.68 eV to 2.63 eV, while the FWHM decreases
rapidly over the 180 s reaction time. Then the PL peak energy remains almost constant, with
the FWHM only slightly narrowing over 12 h after the reaction is quenched at 180 s. The small
FWHM change can be attributed to degradation of a subpopulation of PQDs (discussed in
Figure S13). The PQD growth can be summarized as a nanocluster mediated process: some
nanoclusters grow into PQDs first, consuming available Cs- and Pb-precursors, and
subsequently slowing down the growth of other nanoclusters, creating a relatively broad initial
size distribution. However, with sufficient Cs-precursors, despite having different growth rates,
all nanoclusters will grow into PQDs with nearly identical size and shape regulated by
thermodynamic equilibrium control conditions (i.e., the bromide chemical potential and

reaction temperature). This process is distinct from a kinetically controlled PQD growth, in

66, 67

which all particles need to grow at the same pace to achieve narrow size distribution.

Cs:Pb=0.5 Cs:Pb=1.3
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Figure 6. (a-b) Absorption and PL spectra of 4 nm (top) and 4.5 nm (bottom) PQDs
precipitated using antisolvents (acetone) immediately after syntheses at (a) Cs:Pb = 0.5
and (b) Cs:Pb = 1.3. Dashed lines are visual guides. (¢) Pictures of purified 4 nm and 4.5
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nm PQD powders. (d) STEM images of 4 nm and 4.5 nm PQDs. PQDs show cubical shape
and form superlattices on TEM grids.

One roadblock of the thermodynamically controlled synthesis of strongly confined PQDs is
that NPLs can also be generated during PQD purification.*? In the normal small PQD synthesis
using excess bromide precursors, the crude solution requires a 12 — 24 h standing time before
PQD precipitation, otherwise NPLs will be generated. According to the mechanism discovered
in this work, this is due to the self-assembly and fusion of unreacted nanoclusters when
insufficient Cs-precursors are used (Figures S11 and S14). When acetone is introduced to
precipitate PQDs, the lead bromide complex anions and ligands that can stabilize the
nanoclusters will detach from the nanocluster assemblies, leading to fusion and NPL formation
(Figures 6a and S15). By providing sufficient Cs-precursors (Cs:Pb = 1.0 — 1.7), we are now
able to drive the nanocluster consumption to completion. Figure 6b shows the absorption and
PL spectra of PQD samples precipitated immediately after quenching the reaction using
different concentrations of Cs-precursors. As expected, in the reactions using insufficient Cs-
precursors, unreacted nanoclusters exist in the crude solution, as shown by the prominent 430
nm absorption peak in Figure 6a. When sufficient Cs-precursors are provided, the crude
product can be precipitated immediately without risking the NPL contamination at various
reaction temperatures (Figures 6b, S16 and S17). Additionally, the amount of Cs-precursor
introduced will not affect the size distribution of the product PQDs (details about the impact of

Cs-precursor concentration on the synthesis are in Figure S16).

Without the risk of generating NPLs, the reaction can be scaled up and maintained at high
temperature for an extended time (> 15 min) allowing for a thorough conversion of precursors
to PQDs. The obtained colloidal PQD stock solutions have a particle concentration of 200-300
uM, at the same scale as PbS QDs produced using the heat-up synthesis method.®® In one
scaled-up batch of synthesis (Experimental Section), ~ 1 g of strongly confined CsPbBr3s PQDs
(with a size of ~ 4.5 nm; ~ 0.4 g for ~ 4 nm PQDs) solids can be obtained using the optimized
synthesis (Figures 6¢). Increasing the reaction temperature will produce larger PQD (5 — 5.5
nm) solids with a higher yield (~ 1.6 g, Figure S17) due to the increased QD volume. The
product maintains high PLQY (> 90%) and high size uniformity (Figure 6d, and they form
square superlattices on TEM sample grids, Figure S18). Interestingly, cubical PQDs (with
rounded corners) are favored in this synthesis (Figure 6d and S18), which cannot be readily

achieved by other methods synthesizing small, size-uniform CsPbBr3; PQDs.3! ¢ 70
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Furthermore, synthesis of very small (~ 3.1 nm) PQDs can also be achieved (Figure S19). The
extended synthetic control stems from this newly discovered growth mechanism and can be
attractive for fundamental studies of structural-optical properties and photonic applications

such as quantum light sources and lasers.

Conclusion

In summary, we synthesized and isolated ultrasmall nanoclusters as intermediate products in
the thermodynamically controlled syntheses of CsPbBr3 PQDs. The nanoclusters can function
as nuclei for 0-D PQD growth when sufficient Cs-precursors are present or can self-assemble
and fuse into 2-D NPLs when the Cs-precursor concentration is low. By controlling the
precursor ratio and availability, the thermodynamic equilibrium-controlled reaction can be
improved in both time efficiency and chemical yield, allowing gram-scale synthesis of highly
size- and shape-pure CsPbBrs PQDs with strong quantum confinement. The discovery of
nanoclusters mediating both the growth and self-assembly mechanism opens avenues for

synthesis design of PQDs and their optoelectronic devices developments.
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